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Abstract 
The xanthophyll cycle apparently aids the photoprotection of photosystem II by regulating the nonradiative dissipation of excess absorbed light 
energy as heat. However, it is a controversial question whether the resulting nonphotochemical quenching is soley dependent on xanthophyll cycle 
activity or not. The xanthophyll cycle consists of two enzymic reactions, namely deepoxidation of the diepoxide violaxanthin to the epoxide-free 
zeaxanthin and the much slower, reverse process of epoxidation. While deepoxidation requires a transthylakoid pH gradient (dpH), epoxidation can 
proceed irrespective of a dpH. Herein, we compared the extent and kinetics of deepoxidation and epoxidation to the changes in fluorescence in the 
presence of a light-induced thylakoid dpH. We show that epoxidation reverses fluorescence quenching without affecting thylakoid dpH. These results 
suggest hat epoxidase activity reverses quenching by removing deepoxidized xanthophyll cycle pigments from quenching complexes and converting 
them to a nonquenching form. The transmembrane organization of the xanthophyll cycle influences the localization and the availability of 
deepoxidized xanthophylls is to support nonphotochemical quenching capacity. The results confirm the view that rapidly reversible nonphotochemical 
quenching is dependent on deepoxidized xanthophyll. 
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1. Introduction 
Characterization of the photoprotective mechanisms 
by which higher plants dissipate excess absorbed light 
energy is currently a major concern in photosynthesis 
research [l]. One molecular mechanism that protects 
photosystems against excess light during stresses that 
restrict carbon assimilation involves xanthophyll. This 
exists in all higher plants surveyed so far. This protective 
mechanism is stimulated under excess light conditions 
that energize the chloroplast thylakoid membrane [2,3]. 
Protection of the photosynthetic apparatus is achieved 
through the harmless and radiationless dissipation of 
excess light energy, through release as heat. This is ac- 
companied by a decline in chlorophyll (Chl) a fluores- 
cence yield which can be monitored as nonphotochemi- 
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cal quenching (NPQ) of photosystem II fluorescence 
[l-3]. It is generally accepted that NPQ depends on the 
activity of the xanthophyll cycle and the presence of a 
thylakoid dpH. The linkage between the acidification of 
the thylakoid lumenal space and the biophysical mecha- 
nism of Chl fluorescence quenching, however, is complex 
and much of it remains to be understood [l]. The most 
concise picture indicates that NPQ correlates linearly 
with the product of the lumen proton concentration and 
the combined concentrations of the monoepoxide anth- 
eraxanthin (Anth) and epoxide-free zeaxanthin (Zeax) 
[4]. The biochemistry of the interconversions of Violax- 
anthin (Viol), Anth and Zeax in the xanthophyll cycle 
has been extensively characterized using isolated chloro- 
plast systems [5] and is outlined schematically as follows: 
Deepoxidation 
(pH = 5, Ascorbate) 
Viol 4 ’ Zeax via Anth 
(pH = 1, NADPH. 02) 
Epoxidation 
The Viol deepoxidation reaction depends on ascorbate 
and an acidic lumen pH for activation of the deepoxidase 
enzyme. The sulfhydryl reagent dithiothreitol (DTT) in- 
hibits deepoxidation without affecting light-induced or 
ATP hydrolysis-induced proton pumping [6,7,8]. 
Deepoxidation at ambient temperatures usually takes 
less than 10 min to reach completion. In contrast, the 
reverse epoxidation reaction is mediated by a separate 
DTT-insensitive enzyme and is much slower than 
deepoxidation, taking up to one hour for complete rever- 
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sal [9]. Epoxidation requires NADPH, molecular oxy- 
gen, and enzyme activity is optimal at a neutral pH and 
strongly inhibited below pH 6. Thus it appears that the 
epoxidase exists in a place in the thylakoid membrane 
that remains at a neutral pH during transthylakoid pro- 
ton pumping. Epoxidation can be activated during light- 
induced lumen acidification after inhibiting the deepoxi- 
dase with DTT. It has not yet been determined how the 
epoxidation reaction influences the yield of NPQ given 
that the light-driven ApH is maintained. One expects that 
if epoxidation reverses NPQ, this would be direct evi- 
dence that the quenching depended on the deepoxidized 
xanthophylls. In this paper we have simultaneously com- 
pared the kinetics of both the deepoxidation and epoxi- 
dation reactions to the NPQ yield. We report that, after 
inhibiting deepoxidation in the light and without uncou- 
pling, epoxidation of Zeax and Anth effectively reverses 
NPQ. 
2. Materials and methods 
Chlorophyll a fluorescence quenching and dAS,,_s40 that measures 
changes in the deepoxidation state of the xanthophyll cycle [lo, 111, were 
measured simultaneously with a PAM 101 chlorophyll fluorometer 
(Heinz-Walz, Effeltrich, Germany) and a DW-2000 UV-Vis spectro- 
photometer (SLM-Aminco), respectively, as described previously [12]. 
Nonphotochemical fluorescence quenching is expressed as Stern- 
Volmer type and calculated as SV, = (FM/F/,)-l, where FM is the 
maximal fluorescence quenching under nonenergized conditions and 
F’, is the maximal fluorescence under energized conditions, ac- 
cording to Gilmore and Yamamoto [12]. Chloroplasts were isolated 
from Lactuca sutivcl L. cv Romaine and reaction preparation was as 
described previously [8] except the reaction mixture was adjusted to pH 
7.4 and essentially fatty-acid free bovine serum albumin (Sigma) was 
added to yield a final albumin:Chl a+b ratio of 3O:l (w/w). The Chl 
concentration was 30 yg Chl a+b ml-’ of suspension. The reaction 
temperature was 26°C’ and the actinic light intensity was 200 pm01 
nhotons rn-%’ of red lieht (Corning CS2-58 and Corning CSI-75). 
Pigment HPLC analyses-were according to Gilmore and Yamamoto 
[lo]. Light-induced lumen acidification was measured from Neutral red 
uptake-induced absorbance changes at 520 nm as per Gilmore and 
Yamamoto [4]. The AA,,,, readings were the difference between the 
light-induced A,, due to Neutral red (5 PM) uptake and the light- 
induced scattering changes at A,,, without Neutral red. 
3. Results and discussion 
Fig. 1A shows the effects of NADPH on the kinetics 
and extent of NPQ, expressed as SV, [ 121. Fig. 1 B shows 
simultaneous recordings of the absorbance changes at 
505 minus 540 nm (AA,,,_,,,). DTT abruptly stops any 
further changes in AA,,,_,, in the reaction without 
NADPH, whereas in the reaction with NADPH, there 
is a clear and steady decrease in AA,,,_,,, indicative of 
epoxidation [9]. Kinetic analysis (not shown) of the sig- 
nal with NADPH showed that the epoxidation was a first 
order reaction. Fig. IA shows that in contrast to 
AA5~540r SV, continues to develop after adding DTT in 
both reactions. SV, in the reaction without NADPH 
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Fig. 1. Effects of NADPH-dependent epoxidation on simultaneous 
recordings of (A) SV, and (B) AA,,,,,,,. Na-ascorbate (30 mM) was 
added to activate deepoxidation and to induce electron how via the 
Mehler ascorbate-peroxidase reaction [22]. When present, NADPH 
(0.75 mM) was added prior to illumination. When added as indicated 
by the arrows in the Fig. lA, the dithiothreitol (DTT) concentration 
was 2.25 mM and nigericin was 2 PM. SV, was calculated using the 
maximal fluorescence level obtained immediately prior to illumination: 
the ratio of variable (F,) to maximal fluorescence, FJF,, was 
0.81 f 0.01 prior to illumination in both reactions shown in Fig. 1. 
levels off after about 15 min, however, in the reaction 
containing NADPH, after about 10 min the SV, re- 
versed and steadily decreased for the remaining time 
course. The lag between the initial deepoxidation and the 
maximal expression of fluorescence quenching 
(-NADPH thylakoids) (Fig. 1) is similar to earlier re- 
ports [4,8,12] and shows that other changes which are 
slower than lumen acidification and deepoxidation are 
required for active quenching. The uncoupler insensitive 
quenching, which is low (about 0.2 SV,) in both reac- 
tions, apparently is due to photodamage (Fig. 1). This is 
normal for prolonged light treatments of chloroplasts 
and apparently caused by photodamage [ 121. 
Table 1 compares the levels of the xanthophyll-cycle 
pigments and lumen acidity in relation to the uncoupler- 
sensitive SV,. Epoxidation in the reaction with NADPH 
is evident by the decrease in Zeax and the increases in 
Viol and Anth (Table 1A). The measured level of (de)ep- 
oxidation and calculated differences (not shown) from 
the final levels of AA,,,_,,,, in the two reactions, were in 
close agreement; thus it was clear that the absorbance 
changes accurately reflected the pigment interconver- 
sion. Notably, by the end of the reaction, the rate of 
epoxidation had slowed significantly although a consid- 
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erable amount of antheraxanthin still remained to be 
epoxidized to violaxanthin. The accumulation of anth- 
eraxanthin can be explained as due to the first epoxida- 
tion from Zeax to Anth apparently being faster than the 
second epoxidation from Anth to Zeax. A similar type 
of differential effect has been observed for deepoxidation 
of the first and second epoxide group [14] where deepox- 
idation of violaxanthin to antheraxanthin is slower than 
antheraxanthin to zeaxanthin. Thus, during deepoxida- 
tion, antheraxanthin does not usually accumulate to high 
levels. 
Just prior to adding nigericin, the final ratio of [Zeax 
+ Anth] to SV, was much higher with epoxidation 
(+NADPH) than without (-NADPH) (Table 1B). This 
suggests that the stoichiometric relationship between 
[Zeax + Anth] and SV, was not strictly linear under the 
epoxidation conditions and that a considerable amount 
of [Zeax + Anth] appeared less actively involved in the 
quenching than when epoxidation was inhibited. The 
ratios of Zeax to SV, and Anth to SV, suggest hat Anth 
in particular may be less effective as a quencher or possi- 
bly non-quenching when formed during epoxidation. 
This lower effectiveness could be related to the slow 
kinetics of the conversion of Anth to Viol whereby signif- 
icant substrate levels of Anth may be bound to the epox- 
idase or sequestered in a pool of pigments during the 
epoxidation reaction and thus unavailable for quench- 
ing. The latter highlights the possible functional signifi- 
cance of the transmembrane organization of the xan- 
thophyll cycle. Consequently, it appears that Anth 
formed on the lumenal side via Viol deepoxidation leads 
Table 1 
State of the xanthophyll cycle pigment pool and lumen acidity in rela- 
tion to nonphotochemical fluorescence quenching (SV,) after pro- 
longed actinic-illumination with and without NADPH-dependent ep- 
oxidation in the presence of DTT 
-NADPH + NADPH A 
A. Xanthophylls* 
Viol 74.15 97.88 + 23.13 
Anth 16.10 44.11 + 28.01 
Zeax 58.72 7.58 - 51.14 
Zeax + Anth 74.82 51.69 - 23.13 
B. Quenching 
glx + Anth]: SV, 
0.777 0.101 - 0.676 
96.30 511.80 _ 
[Zeax]: SV, 75.60 75.05 _ 
[Anth]: SV, 20.72 436.73 
C. Lumen acidity** 10.13 9.71 0.36 
*All xanthophyll-cycle pigments are expressed as mmol xanthophyll 
(mol Chl a)-‘. Epoxidation was stopped 2 min after uncoupling with 
nigericin by deep-freezing the reaction mixture (-80°C). The pigments 
were extracted and analyzed by HPLC rapidly after thawing, being 
careful not to allow the temperature to rise above 0°C prior to extrac- 
tion. SV, was calculated after 45 min illumination using the FM level 
obtained after uncoupling. 
**Lumen acidity was shown as the ratio AA,,, x 104)/pg Chl. All other 
conditions as mentioned in the legend to Fig. I. 
to quenching [4] whereas when formed on the stromal 
side by Zeax epoxidation leads to a reversal of quench- 
ing. 
The combined effects of NADPH and DTT on the 
lumen pH were examined in separate experiments by 
measuring Neutral red uptake induced absobance 
changes at 520 nm (Table 1C). Light-induced lumen 
acidification was not affected by DTT in the presence of 
NADPH (Table 1). The lumen acidity in reactions with 
NADPH was reduced by only 4% compared to that in 
the reactions without NADPH. Therefore, we conclude 
that the SV, reversal with NADPH was due to epoxida- 
tion and not due to a decrease in dpH. Lack of NADPH 
and DTT effects on the thylakoid proton gradient was 
expected. NADPH did not inhibit the initial develop- 
ment of SV, or deepoxidation in the first few minutes 
(Fig. l), thus indicating that NADPH does not affect the 
lumen pH. As reported previously, DTT does not affect 
dpH [7] and does not reverse the preformed SV, in ab- 
sence of NADPH [8,12]. Our results, aside from showing 
that NPQ depends on epoxidation-deepoxidation cycle 
activity, have other important and interesting implica- 
tion. They show that the quenching mechanism and the 
epoxidation reaction compete for the same substrate, 
namely the deepoxidized endgroups of Zeax and Anth; 
similar substrate specificity is implicit because no other 
pigments take any measurable part in either NPQ or 
epoxidation. 
Gruszecki and Krupa [15] have reported that the iso- 
lated and purified light-harvesting pigment-protein com- 
plex of photosystem II, LHCII, catalyzes NADPH-de- 
pendent xanthophyll epoxidation. This result, however, 
has not been confirmed. Peters and Thornber [16], and 
Dainese et al. [17] reported that the xanthophyll cycle 
pigments are associated with the minor LHCII com- 
plexes whereas Thayer and Bjiirkman [ 181 reported that 
the xanthophyll pigments are more widely distributed 
among all the light-harvesting proteins of photosystem 
II and photosystem I. It is generally believed that xan- 
thophyll-dependent NPQ occurs within the light-harvest- 
ing antennae complexes of photosystem II [2,3] and pos- 
sibly involves LHCII aggregation [19]. The localization 
of newly re-epoxidized xanthophylls in the thylakoids, 
however, has not been established. 
The present results confirm earlier reports that activa- 
tion of the quenching by the deepoxidized pigments re- 
quires other lumen-pH dependent changes that are 
slower than deepoxidation and lumen acidification. It 
appears that these rate-limiting changes partly involve 
the diffusion-limited and stereospecific binding of the 
deepoxidized endgroups to key pH-activated binding 
sites in the light-harvesting pigment-protein complexes 
within the lipid-core of the thylakoid membrane. Xan- 
thophyll binding to quenching sites is apparently suffi- 
ciently reversible for the substrate to be available to the 
epoxidase. Apparently, the lifetime of the binding at the 
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quenching site exceeds that required for deexcitation of 
the excited chlorophyll and quenching of the fluores- 
cence. Although these data are consistent with a direct 
role for Zeax and Anth in quenching, they do not directly 
confirm or exclude that the xanthophylls themselves 
quench the singlet excited state of chlorophyll as sug- 
gested by Owens et al. [20] and Frank et al. [21]. Overall, 
we conclude that xanthophyll epoxidation inhibits and 
reverses NPQ by converting the active deepoxidized 
quenching species into an inactive epoxidized form and 
that pigment localization as determined by the trans- 
membrane organization of the cycle apparently influ- 
ences pigment quenching capacity. 
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